Introduction
For several years, Raman spectroscopy has proved to be useful in astrobiology research [1] [2] [3] . Indeed, this technique has several properties that are very useful in this challenging research field. The method is relatively fast and by providing molecular spectroscopic information, the approach is useful for characterizing both mineral phases and biological materials. The major advantage for planetary research and exobiology is that inorganic as well as organic objects can be detected.
Since its discovery in 1928, Raman spectroscopy has evolved from a complex spectroscopic technique towards an approach that is easily accessible in many research laboratories [4] . This evolution was made possible by many technical improvements (e.g. the introduction of the laser, charge-coupled device (CCD) detectors, microscope optics, etc.) leading to compact-yet sensitive-Raman spectrometers. Mobile Raman instrumentation is designed for experiments outside the laboratory. Different degrees of mobility should be distinguished: weight and size constraints and the availability of batteries (as opposed to an external power source) are major issues. Moreover, the dimensions of a dispersive spectrometer have implications on the achievable spectral resolution.
Mobile Raman instrumentation
When discussing field applications of Raman spectroscopy, it is good to distinguish between different types of mobile Raman instruments [4, 5] . In general, we speak about mobile Raman instrumentation, when they are designed for mobile use. Indeed, almost all laboratory Raman spectrometers are 'transportable': they can be transported to different locations and after some set-up (e.g. alignment of laser inside the instrument), they are operational. The design for mobility extends to different degrees.
Portable instruments are mobile spectrometers that typically can be brought to the site by a single person. It is typically battery operated and is often a fibre-optics-based instrument: in that case, a probehead is positioned in front of the object that is analysed. The spectrometer is usually operated by an internal or external laptop computer. These instruments typically weigh around 10 kg and the spectrometer is mounted in a suitcase that fits in the limits for carry-on luggage allowance.
Handheld Raman instruments are typically rather small portable Raman spectrometers, which can be operated while being held in one hand. The spectrometer (and often also the spectral identification through comparison with a database) is typically performed on a small Personal digital assistant computer, equipped with a touchscreen, which is built-in into the spectrometer. This instrument type typically weighs up to few kilograms.
Palm instruments are even smaller and fit into the palm of the hand of the operator, and the spectrometer has very small dimensions. As a consequence, the spectral resolution is relatively low and the size of the spectral window is limited. The weight of this instrument is typically below 1 kg.
Another series of instruments, which can be considered, are Mars prototypes of various constructions that have been tested in the frame of preparative studies under laboratory environments [6] .
Mobile Raman spectroscopy in astrobiology research
Raman spectroscopy was first proposed for planetary applications by Wang et al. [7] and Wdowiak et al. [8] . Subsequently, new Raman systems have been tested with the goal of analysing minerals [9] . Raman spectroscopy has been repeatedly suggested as a powerful technique to detect mineralogical and biological markers for Mars lander missions [10] [11] [12] [13] .
The option to remotely identify mineral and organic targets was proposed by Sharma et al. [14] . The stand-off mode of working was later developed and improved [12, 15] , and recently stand-off UV Raman spectroscopy has been demonstrated to have good potential for targeting organic and inorganic objects for future Mars research [16] .
Another mode of operation of this technique would be a surface investigation using a miniature Raman spectrometer connected to a robotic arm with a short focal distance [17] . The initial proposal for the ExoMars lander mission included another approach, consisting of analyses of powdered samples originating from drilling operations by a combination of Laser-induced breakdown spectroscopy (LIBS) methods and Raman spectroscopy [18] ; however, this concept was de-scoped, and the LIBS instrument was dropped. During space missions, the payload has to be minimized [19, 20] .
Several prototypes of the Raman instruments to later be included in the future Mars missions are nowadays tested in the frame of NASA and ESA projects. Space agencies have been evaluating the advantages and limitations of using excitation lasers of different wavelengths, with the most recent decision taken being to send a miniature Raman instrument equipped with a 532 nm laser [12] . A laboratory model of the ExoMars Raman Laser Spectrometer (RLS) device was developed at the Associated Unit University of Valladolid-CSICCenter of Astrobiology (UVa-CAB) [12, 21, 22] . The Raman prototype (532 nm) has an XYZ positioning system with 2.5 µm precision and imaging, autofocus and spectral acquisition capabilities. The analytical strategy of the RLS instrument is the acquisition of spectra along a linear series of points. At each point, the optical head is focused on the sample, the acquisition parameters are automatically calculated and the spectrum acquired. The laser spot size is of 50 µm diameter yielding an irradiance level between 0.6 and 1.2 kW cm −2 , with a 6-7 cm −1 spectral resolution. The UK Bread-Board Raman spectrometer system was developed to permit to characterize and optimize the performance of the ExoMars RLS detector assembly [6] . The prototype system consists of a continuous wave diode laser (100 mW at 532 nm) a detector system incorporating a thermoelectrically cooled CCD and drive/acquisition electronics and a transmission grating with two spectral orders (the spectrometer units provide sensitivity across the 200-3500 cm −1 wavenumber range with a spectral resolution of less than 10 cm −1 . Data are collected using a range of different integration times; best results were typically obtained for integration times in the range 10-60 s, laser power settings being adjusted using filters.
Recent research papers on the use of mobile Raman instrumentation in astrobiology have different research goals. These include, among others, the testing and optimization of mobile instrumentation in the field, the selection of target molecules, the optimization of the data processing and spectral identification and the combination with other analytical techniques. In this approach, a strong parallelism can be seen with in situ Raman analysis in other research fields.
(a) Testing of the instrumental performance and miniaturization, based on field analysis on the Earth
In this context, experiments in the so-called 'Mars-analogue sites on earth' are crucial [23] .
Often the field measurements are completed with investigations of collected specimens in the laboratory. Instruments are subjected to extreme conditions and the obtained spectral quality is evaluated. These conditions may include high altitude [24, 25] and extreme cold [26, 27] , arid conditions [28, 29] , high saline content [30] , etc. Experience is gained in recording Raman spectra under different field-conditions and solutions for arising problems or interferences (e.g. ambient light) are identified.
(b) Selection of target molecules
Different groups of materials can be examined by using Raman spectroscopy. Analysis of the mineral composition of the rocks is a straightforward target, and several experiments have been performed in this field [31] [32] [33] [34] . However, in order to understand better the genesis conditions of these minerals, the examination of micro-inclusions inside the minerals should be a next target. A third group of target materials for astrobiology research are the so-called biomarker molecules that are specific markers for the presence of extinct or extant forms of life [35, 36] . It is obvious that the target molecules also influence the different instrumental options that have to be taken (e.g. selection of laser wavelength) and hands-on experience on the Earth provides insight in what works and what might cause failure due to fluorescence or self-absorption.
(c) Data processing and identification
As (due to energy and timing issues) there are constraints in the communication between the rover and the control centre on the Earth, data processing should be optimized, so that the scientific information is reduced to a small datastream. The transfer of useless information should be minimized and the use of redundant information should be kept minimal, provided that this does not jeopardize read-out of the datastream. On the one hand, one should be sure that no crucial information is lost, while on the other hand, it is of the utmost importance that no ambiguous data are introduced. Therefore, it is necessary to perform automated calibration and data processing [37] on site and the spectrometer system should be able to differentiate between useless spectra (e.g. only fluorescence background information) and Raman data. Hence, it is necessary to develop and test these algorithms, as well as to develop reliable databases for identification of the molecules. An important issue in this context is the determination of the limit of identification and limit of detection of these materials, in specific matrices [38] .
(d) Combination with other techniques
Another aspect of field analysis is the combination with other analytical techniques. During fieldwork, it is obvious for a geo-scientist to combine the results from spectroscopy with his/her observations of texture, colour, shape, environment, etc. However, when considering the analysis of specimens on the surface of Mars, all tactile experiences are lost and one should rely entirely on the spectroscopic results. Often, it can be of use to combine different spectroscopic techniques that provide complementary information. Many combinations have been considered-typically combining elemental with molecular information. In this context, the combination Raman/LIBS or the combination Raman/XRF is often encountered. The first approach has the advantage that a device can be developed that uses the same laser (eventually adapted with nonlinear optical components to double the laser frequency and to modulate laser power) for both types of experiments. The latter approach (Raman/XRF) has the advantage that for both techniques portable instruments are commercially available on the market and thus, they can easily be tested during fieldwork. These experiments help in optimizing the approach, seeing the pitfalls during the practical work and also in improving the data processing.
(e) Parallelism with other research areas
It can be remarked that there is a strong parallelism between the challenges that are encountered in applying Raman spectroscopy in astrobiology research and some aspects of using mobile Raman instrumentation for other applications, like gemmology, archaeometry, art analysis or forensics applications. In these research fields, several aspects of the research are in common, such as the need for stable positioning equipment, avoiding interferences from ambient factors, or the difficulty to bring the instruments on site. In archaeometry and art analysis, one of the main questions is often to maximize the information while minimizing the sample amount, or when performing direct analysis-a similar challenge is found when designing a mobile spectrometer for remote investigations in space.
Conclusion
The optimization and miniaturization of the technologies associated with Raman spectroscopy have made this technique suitable for application in the field and for astrobiology research. Applying these instruments during fieldwork provides useful information for future missions to Mars. Different categories of Raman spectrometers should be distinguished, such as transportable, mobile, portable, handheld and palm instruments. Mobile Raman spectroscopy is used in astrobiology analogue research for a wide range of different reasons. One of the main reasons is gathering experience with this type of instrumentation, in order to optimize the approach for a possible future mission to Mars. Moreover, a selection has to be made of possible target molecules to study. Among these, biomarker molecules, which are indicative for extinct or extant life, have a high priority. Owing to technical constraints in the data communication, data processing should be automated and robust identification algorithms are important. Then, the results should also be combined with other techniques, like LIBS or XRF, and a parallelism with other research fields can be observed. 
